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Muon-spin-relaxation measurements have been performed for the partially Zn-substituted 
La2-iSri,Cui_yZny04 with y = G — 0.10 in the overdoped regime up to a; = 0.30. In the 3 % 
Zn-substituted samples up to a; = 0.27, exponential-like depolarization of muon spins has been ob- 
served at low temperatures, indicating Zn-induced slowing-down of the Cu-spin fluctuations. The 
depolarization rate decreases with increasing x and almost no fast depolarization of muon spins has 
been observed for x — 0.30 where superconductivity disappears. The present results suggest that 
the dynamical stripe correlations exist in the whole superconducting regime of La2-a;Sr2,Cu04 and 
that there is no quantum critical point at a:: ~ 0.19. 



PACS numbers: 74.62.Dh, 74.72. Dn, 76.75.-|-i, 74.25 Ha 



I. INTRODUCTION 

Effects of nonmagnetic impurities on the Cu-spin 
dynamics have been one of central issues in the re- 
search of high-Tc superconductivity. It is widely rec- 
ognized that local magnetic moments due to Cu spins 
are induced by the nonmagnetic Zn in the underdoped 
regime [l| and that the superconductivity is strongly sup- 
pressed by Zn. In the overdoped regime, on the other 
hand, Panagopoulos et al. have performed muon-spin- 
relaxation (^SR) measurements in the Zn-substituted 
La2_a;Sra;Cui_yZnj,04 with y = 0.05 and have found 
Zn-induced slowing-down of the Cu-spin fluctuations for 
X < 0.19 while not for x > 0.19, pointing out the exis- 
tence of a quantum critical point (QCP) at x ^ 0.19. Q 

Dynamical stripe correlations of spins and holes have 
attracted great interest in relation to the mechanism of 
high-Tc superconductivity. 0, @ It is well known that 
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the dynamical stripe correlations tend to be pinned and 
statically stabilized not only by the characteristic struc- 
ture of the tetragonal low-temperature structure (space 
group: PA2/ncm) in the La-214 system but also by Zn 
impurities. @, 0, H, [l] So far, impurity effects on the 
Cu-spin dynamics and superconductivity have been in- 
vestigated from the zero-field (ZF) /iSR measurements 
in the underdoped regime of La2-a;Sra;Cui_j,Zny04 with 
X < 0.15. [la, [HI, 111, M, Q M, Ell it has been 
found that fluctuations of Cu spins around Zn ex- 
hibit slowing down due to the pinning of the dy- 
namical stripes by Zn, leading to the formation of a 
static stripe order and the destruction of superconduc- 
tivity around Zn. This is an interpretation called a 
stripe-pinning model. Similar effects of Zn on the Cu- 
spin fluctuations have been observed in the underdoped 
regime of Bi2Sr2Cai_a;YjJ_Cui_yZny)208-i-5 [13, Si and 
YBa2Cu3_2i/Zn2i,07_5 [19( 1 as well. The static stripe or- 
der is regarded as competing with the superconductiv- 
ity. On the other hand, the dynamical stripe correlations 
may play an important role in the appearance of super- 
conductivity. In fact, theoretical models on the mech- 
anism of superconductivity based upon the dynamical 
stripe correlations have been proposed. If this is the 
case, similar effects of Zn must be observed not only in 
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FIG. 1: (color online) ZF-/iSR time spectra of 
Lai.8oSro.2oCui_yZnj,04 with various y values at low 
temperatures down to 0.3 K. 



the underdoped regime but also in the overdoped regime 
where superconductivity appears. 



In this paper, wc investigate effects of Zn on the Cu- 
spin dynamics from the ^SR measurements in the over- 
doped regime of La2-a;Sra;Cui_yZnj,04 with 0.15 <x< 
0.30 and < y < 0.10, in order to elucidate whether the 
stripe-pinning model holds good even in the overdoped 
regime of La2-.TSr:cCu04 or not. 



11. EXPERIMENTAL 

Polycrystallinc samples of La2-xSr2,Cui„j,Zny04 with 
0.15 < a; < 0.30 and < y < 0.10 were prepared by the 
ordinary solid-state reaction method. Raw materials of 
dried La203, SrCOa, CuO and ZnO powders were mixed 
in a stoichiometric ratio and prefired in air at 750 °C for 
3 h, followed by prefiring at 900 °C for 12 h. The pre- 
fired materials were reground and pressed into pellets of 
10 mm in diameter, and sintered in air at 750 °C for 3 h, 
followed by sintering at 1050 °C for 24 h with repeated 
regrinding. The as-grown samples were annealed in flow- 
ing gas of O2 at 500 °C for 72 h. All of the samples were 
checked by the powder x-ray diffraction measurements 
to be single phase. Electrical resistivity measurements 
were also carried out to check the quality of the samples, 
which was found to be good. 

The ZF-yuSR measurements were performed at low 
temperatures down to 0.3 K at the RIKEN-RAL Muon 
Facility at the Rutherford-Appleton Laboratory in the 
UK and at lower temperatures down to 0.02 K at the 
KEK-MSL in Japan, using a pulsed positive surface muon 
beam. The asymmetry parameter A[t) at a time t was 
defined as A{t) = [F{t) - aB{t)]/[F{t) + aB{t)], where 
F{t) and Bit) were total muon events counted by the for- 
ward and backward counters, respectively, and a is the 
calibration factor reflecting the relative counting efficien- 
cies between the forward and backward counters. 



III. RESULTS 

It is known that muons with positive charges injected 
in a high-Tc copper oxide tend to stop near oxygen 
ions. 



2l| In La2-xSri:Cu04, it is well established that 



muons tend to stop only near the so-called apical oxy- 
gen just above Cu. [2I] Therefore, muons stopping near 
the apical oxygen feel strong internal fields from the 
Cu02 plane, when the Cu-spin fluctuations exhibit slow- 
ing down at low temperatures. 

Figure 1 shows the ZF-/iSR time spectra of 
La2_a;Sr2;Cui_yZnj,04 with x ~ 0.20 and < y < 0.10. 
At high temperatures above 1 K, all the spectra show 
Gaussian-like depolarization due to dipole fields induced 
by randomly oriented nuclear spins, indicating a fast fluc- 
tuating state of Cu spins beyond the /iSR time window 
(10^6 - 10"" s). At 0.3 K, the Gaussian-like depo- 
larization is still observed for y ~ and 0.01. On the 
other hand, the muon-spin depolarization becomes fast 
for y = 0.02 and 0.03 so that exponential-like depolar- 
ization is observed. This indicates slowing down of the 
Cu-spin fluctuations, as in the case of the underdoped 
regime. [H, [H [13, E Q [H, El Even at 0.3 K, how- 
ever, no muon-spin precession corresponding to the for- 
mation of any coherent magnetic order is observed. In 
the heavily Zn-substituted sample with y = 0.10, no 
fast depolarization of muon spins is observed, indicat- 
ing that the Cu spins again fluctuate fast beyond the 
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FIG. 2: (color online) ZF-/iSR time spectra of 
La2-a:Sri,Cuo.97Zno.o304 with 0.15 < a; < 0.30 at low 
temperatures down to 0.3 K. Solid lines indicate the best-fit 
results using A(t) = Aoe~^"*Gz(A, + ^ie"^i'. 



/iSR time window. This is explained as being due to 
the spin dilution through the large amount of substitu- 
tion of nonmagnetic Zn, namely, due to the destruction 
of the spin correlation, as in the case of the undcrdoped 
regime. [13, [lil, [ll [H, Q E [3 

Figure 2 shows the ZF-^SR time spectra of the 3 % Zn- 
substituted La2_a;Sra;Cui_yZnj,04 with 0.15 < a; < 0.30 
and y ~ 0.03 at low temperatures down to 0.3 K. The 
reason why the 3 % Zn-substituted samples are taken is 
that the Zn-induccd slowing-down of the Cu-spin fluctu- 



ations is most observable in the overdoped regime as well 
as in the underdoped regime. [l3, [HI, [H, flsTfl^. [Tsl . [iGj 
Focusing on the spectra at 0.3 K, the exponential-like 
depolarization is still observed with increasing x up to 
X = 0.27, indicating the slowing down of the Cu-spin 
fluctuations. The depolarization becomes weak with in- 
creasing X and almost no fast depolarization of muon 
spins is observed for x = 0.30 where superconductiv- 
ity disappears. As for x — 0.15, both the very fast 
depolarization in a short-time region below 1 /xs and 
the almost flat spectrum above 1 /xs suggests the for- 
mation of a static magnetic order, as in the underdo ped 
La2-:,Sr^Cui_yZny04 around x = 0.115. [13, [HI, [H, 111, 
IT^ It is noted that similar spectra have been observed in 
the undcrdoped La2-2;Sr2;Cu04 and Yo.8Cao.2Ba2Cu306 
with p (the hole concentration per Cu)j= 0.09 [11] and 
(Ca;j:Lai_:E)(Bai.75^:ELao.25+2;)Cu30y. 0| These spectra 
suggest that an incoherent magnetic order is formed due 
to the spin correlation not being so long-ranged. 

In order to obtain detailed information on the Cu-spin 
dynamics, the time spectra were analyzed using the fol- 
lowing two-component function: 



^(0 -v4oe-^°*Gz(A,0 + ^ie 



-Alt 



(3.1) 



The first term represents the slowly depolarizing compo- 
nent in a region where the Cu spins fluctuate fast beyond 
the /iSR time window. The ^0 and Aq are the initial 
asymmetry and the depolarization rate of the slowly de- 
polarizing component, respectively. The Gz(A,i) is the 
static Kubo-Toyabc function with a distribution width, 
A, of nuclear-dipole fields at the muon site, [ll] The sec- 
ond term represents the fast depolarizing component in 
a region where the Cu-spin fluctuations slow down. The 
Ai and Ai are the initial asymmetry and the depolariza- 
tion rate of the fast depolarizing component, respectively. 
The time spectra are well fitted with Eq. (|3.ip . as shown 
by solid lines in Fig. 2. In the fitting, the value of Aq+^i 
was kept constant at all measured temperatures. 

Figure 3(a) shows the temperature dependence of Aq 
for the 3 % Zn-substitutcd La2-a;Sra;Cuo.97Zno.o304 with 
various x values. Values of ^0 £^rc normalized by those 
obtained at high temperatures. It is found that ^0 de- 
creases with decreasing temperature at low temperatures 
for 0.15 < x < 0.27. The temperature where Aq starts 
to decrease decreases with increasing x and the decrease 
in Aq disappears at x = 0.30. The decrease in ^0 means 
the appearance of the fast depolarizing component due 
to the slowing down of the Cu-spin fluctuations. As 
for X = 0.15, the ^0 value is saturated at low tem- 
peratures to be roughly 1/3, suggesting the formation 
of a static rnagnetic order, namely, the static stripe or- 
der. [i3,[iil,[il,[il,[ll 

Figure 3(b) shows the temperature dependence of Aq 
for the 3 % Zn-substituted La2-a;Sra;Cuo.97Zno.o304 with 
various x values. Values of Aq increase with decreasing 
temperature at low temperatures for 0.18 < x < 0.27. 
It is found that Aq at the lowest temperature of 0.3 K 
decreases with increasing x, suggesting that the degree of 
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FIG. 3; (color online) (a) Temperature dependence of the ini- 
tial asymmetry of the slowly depolarizing component, ylo, for 
La2-a;Sr2;Cuo.97Zno.o304 with 0.15 <x< 0.30. Values of Aq 
are normalized by those obtained at high temperatures. Lines 
are to guide the reader's eye. (b) Temperature dependence of 
the depolarization rate of the slowly depolarizing component, 
Ao, for La2-a;Sr3;Cuo.97Zno.o304 with 0.15 <x< 0.30. Lines 
are to guide the reader's eye. 



the slowing down of the Cu-spin fluctuations is weakened 
with increasing x. As for x = 0.15, Aq exhibits a peak 
at 2 K where Aq rapidly decreases. This is a typical 
behavior of Aq in the case that a static magnetic order is 
formed, [ill 



IV. DISCUSSION 

The most important feature in the present results is 
that the fast muon-spin depolarization due to the Zn- 
induced slowing-down of the Cu-spin fluctuations is ob- 
served in the overdoped regime where superconductivity 
appears, though the muon-spin depolarization becomes 
weak with increasing x. This is clearly seen in Fig. 4. 
Quantitatively speaking, the normalized value of ^0 in- 
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4: (color online) ZF-^SR time spectra of 
;Sra;Cuo.97Zno.o304 with 0.15 < a; < 0.30 at 0.3 



creases little by little with increasing x, as shown in 
Fig. 5(a). It reaches the unity at a; = 0.30, indicat- 
ing that the Cu spins fluctuate very fast with shorter 
periods than the ^SR time window. The superconduc- 
tivity disappears at a; > 0.30, [2^ as shown in Fig. 5(c). 
These results strongly suggest that the stripe-pinning 
model holds good even in the overdoped regime. That 
is, it is likely that the dynamical stripe correlations ex- 
ist in the whole superconducting regime and disappear 
in the normal-state regime of x > 0.30. Therefore, it is 
possible that the dynamical stripe correlations play an 
important role in the appearance of superconductivity. 
The present results are supported by the low-energy in- 
elastic neutron-scattering experiment in the overdoped 
regime of La2-a:Sra;Cu04 by Wakimoto et al. [23| They 
have reported that the maximum value of the integrated 
dynamic spin susceptibility of the incommensurate mag- 
netic peaks corresponding to the dynamical stripe corre- 
lations decreases linearly with increasing x for x > 0.25 
and disappears at a; = 0.30. It is noted that the exis- 
tence of Zn-induced local moments [l| does not conflict 
with the stripe-pinning model. It is because, even in the 
stripe-ordered state pinned by Zn, the spin correlation 
is locally destroyed in the nearest neighborhood of Zn, 
producing local magnetic moments around Zn. [28] 

The existence of QCP in the phase diagram of the tem- 
perature vs. p for the high-Tc superconductors is one of 
interesting issues in recent years. [2^ [s^l Panagopoulos 
et al. have reported the existence of QCP at x ^ 0.19 
from the ^SR results that no Zn-induced slowing-down 
of the Cu-spin fluctuations was observed in the over- 
doped regime above a; = 0.19 for the 5 % Zn-substituted 
La2-2;Sr2;Cuo.95Zno.o504. As mention above, however, 
the 5 % substitution of Zn is too much for the slowing 
down of the Cu-spin fluctuations to be observed. In our 
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are two possible reasons. One is due to the weakening 
of the correlation between Cu spins, namely the stripe 
correlations on account of the increase of holes. As well 
known, a hole incorporated at an oxygen site in the Cu02 
plane forms a Zhang- Rice singlet together with a Cu spin, 
producing a spin defect. Therefore, the increase of holes 
may weaken the Cu-spin correlation in the ovcrdopcd 
regime, leading to the decrease of the muon-spin depo- 
larization rate with increasing x. The other reason is 
due to the decrease of the superconducting volume frac- 
tion with increasing x in the overdoped regime. First, it 
has been suggested from transverse-field /.iSR measure- 
ments in the overdoped regime of Tl2Ba2Cu06+5, be- 
cause the superconducting carrier density divided by the 
effective mass, 
increasing p. 



/m", has been found to decrease with 
Recently, the decrease of the super- 
conducting volume fraction with increasing x has been 
confirmed by Tanabe et al. [H, [s^l and Adachi et al. [IHl 
from magnetic-susceptibility measurements in the over- 
doped regime of La2-xSra;Cu04. Accordingly, it is plau- 
sible that a phase separation into superconducting and 
normal-state regions takes place in the high-Tc copper ox- 
ides. As the Cu-spin correlation is regarded as being very 
weak in the normal state region, the Zn-induced slowing- 
down of the Cu-spin fluctuations may occur only in the 
superconducting region. Therefore, the muon-spin depo- 
larization rate may decrease with the progressive decrease 
of the superconducting volume fraction with increasing 
X in the overdoped regime. It is a forthcoming issue to 
determine which reason is plausible. 



V. SUMMARY 



FIG. 5: (a) The initial asymmetry of the slowly depo- 
larizing component, Ao, for La2-iSra:Cuo.97Zno.o304 with 
0.15 < X < 0.30 at 0.3 K. Values of Ao are normalized 
by those obtained at high temperatures, (b) Tf, defined as 
the temperature where the ZF-/iSR time spectrum starts 
to deviate from the Gaussian-like to exponential-like be- 
havior for La2~i^Sra:Cuo.97Zno.o304 with 0.15 < x- < 0.30. 
(c) The superconducting transition temperature, Tc, defined 
at the midpoint of the resistive transition for the Zn-free 
La2-a;Sr,Cu04. ^ 

/iSR results of the 3 % Zn-substitutcd samples, there is no 
large difference between above and below x = 0.19. Ac- 
cordingly, it is concluded that no QCP exists at a; ^ 0.19. 

Figure 5(b) shows the x dependence of Tf, de- 
fined as the temperature where the ZF-/xSR time 
spectrum starts to deviate from the Gaussian-like to 
exponential-like behavior for the 3 % Zn-substituted 
La2-i;Srj;Cuo.97Zno.o304 with 0.15 < a; < 0.30. The 
value of Tf gradually decreases with increasing x and 
tends to be zero at x = 0.30. Therefore, it is possible 
that QCP is located at x = 0.30 rather than x = 0.19. 

Next, we discuss the reason for the decrease of the de- 
polarization rate of muon spins with increasing x. There 



We have investigated the Cu-spin dynamics from 
ZF-/xSR measurements in the overdoped regime of 
La2_2;Sr2;Cui_yZnj,04 with 0.15 < a; < 0.30 and < 
y < 0.10. In the 3 % Zn-substitutcd samples with 
0.15 < .T < 0.30 and y = 0.03, exponential-like depo- 
larization of muon spins has been observed at 0.3 K, in- 
dicating Zn-induced slowing-down of the Cu-spin fluctu- 
ations. Almost no fast depolarization of muon spins has 
been observed for x = 0.30 where the superconductivity 
disappears. The present results suggest that the dynam- 
ical stripe correlations of spins and holes exist in a wide 
range of x where superconductivity appears and that the 
stripe-pinning model holds good in the overdoped regime 
as well as in the underdoped regime. This means that it 
is possible that the dynamical stripe correlations play an 
important role in the appearance of superconductivity 
in the high-Tc copper oxides. The present results also 
suggest that no QCP exists at x 0.19. 
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